Abstract. The purpose of this research is using a polymer-based capacitive micro-machined ultrasonic transducer (CMUT) array to determine the position and dimension of circular planar target. The polymer-based CMUT is consist of an indium tin oxide-polyethylene terephthalate (ITO-PET) substrate and SU-8 sidewall and vibrating membranes. The CMUT has advantages of flexibility, low cost and large sensing area application comparing with silicon-based sensor. A fourquadrant (4Q) array is used to determine the position of the circular target based on the time of flight (TOF) and magnitude of the acoustic echo signals reflected from the target. The measuring system is designed to determine diameter and position of the transparent objects for pick and place on a conveyor. The four quadrant array has an overall dimension of 6 mm × 6 mm and can detect target diameter up to 3.6 mm with a maximum eccentricity of 1.2 mm. An algorithm is proposed to correct nonlinearity error when the target is away from the center of the four-quadrant array. The ultrasonic measuring system is constructed and tested to demonstrate its feasibility. The experimental results show the position error of 0.052 mm and dimension error of 0.42% in area at the worst scenario.
Introduction
Ultrasound is used to detect objects and measure its position without contact. There are many ultrasonic applications requiring position detection such as nondestructive testing, underwater sonar, and medical sonography. Haller and Khuri-Yakub developed the first capacitive micromachined ultrasonic transducer using silicon-based semiconductor technology [1] . The CMUT has advantages of miniaturization of devices, wide bandwidth, and high intensity focused ultrasound [2] . Later, Chang et al. introduced the first polymer-based CMUT using SU-8 photoresist for surgical imaging applications [3] . The polymer materials offer additional benefits such as flexibility, light transparency, and low material cost for disposable use. The polymer-based CMUT can be applied for large sensing area for example surface roughness measurement for sand papers [4] .
Four quadrant detectors and laser beam are commonly used for detection of lateral displacement at X and Y dimensions and applied in alignment and tracking of optical systems [5] [6] [7] . The transfer function of four quadrant sensor detector and circular light profile is inherently nonlinear but around the detector center is linear approximately [8] . Dang et al. proposed a linearization method for photosensitive quadrant detector to expand linear interval and decrease nonlinear error so the linear range of detector is improved [9] . Mohammed and Rehman presented a four-quadrant capacitive angular position sensor which can cover full 360 0 range for industrial robot applications [10] . The purpose of this research is to develop a measuring system using a polymer-based 4Q CMUT array for position and dimension measurement of transparent objects. The existing 4Q sensor has limitation on operating range because the nonlinear error will increase dramatically if the target moves away from the center. This study will purpose a simple correcting algorithm for improving operating range. Theoretical model and experiment testing will be conducted with different target diameters and eccentricities for verification. The 4Q CMUT array can be applied to its maximum range, the border of the sensor.
Principle of Operation
In this study, the polymer-based CMUT array is designed as 2 × 2 quadrants for non-contacting position detection. A single quadrant of CMUT has dimension of 3 mm × 3 mm including 416 circular cells with membrane diameter of 143 µm. The four-quadrant CMUT design is shown in Fig.  1 . The polymer-based CMUT array is made using ITO-PET substrate and SU-8 2002 photoresist material for sidewall and membrane, gold top electrode. Each CMUT cell has a membrane thickness of 5 µm, a golden top electrodes thickness of 0.2µm, and sidewall height of 2 µm. 
The positions of the circular target and 4Q CMUT array are shown in Fig. 2 . The target will rotate with an eccentricity r in counterclockwise. The ideal X and Y positions of target at a rotating angle θ in XY plane are measured as: There is a measurement error using four quadrant sensor if the target is away from the center of the sensor. The correcting factor k is defined as: (5) Therefore, the X and Y positions after correcting measurement error can be described:
The 4Q CMUT array has an overall dimension of 6 mm × 6 mm and three different sizes of targets are selected with diameters of 3 mm, 3.3 mm, and 3.6 mm. Four different eccentricities, 0.3 mm, 0.6 mm, 0.9 mm, and 1.2 mm, are chosen to illustrate nonlinear measurement errors due to eccentricity. Fig. 3 shows the correcting factor k from 0 0 to 360 0 at different eccentricities r and angles θ. Notice that if the target moves away from the center, the error correction is greater. 
Experimental Results and Discussion
In the experiments, the 4Q CMUT array is excited with a DC of 100 V and AC of 300 V. The received signals are processed and the data is acquired using National Instruments PXI-5105 highspeed digitizers. This instrument can acquire multi-channel data therefor X and Y coordinate signal data are processed simultaneously to locate position of the circular plug via the LabVIEW software. Fig. 4 shows the schematic of experimental setup. 8) and Eq. (9) , where N is the number of experiments.
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The experimental results for position measurement are shown in Fig. 7, Fig. 8 and Fig. 9 . Three cases with the target diameters of 3 mm, 3.3 mm and 3.6 mm are illustrated. Each target has four different eccentricities of 0.3 mm, 0.6 mm, 0.9 mm, and 1.2 mm, respectively. The correcting factor k value increases when the target diameter increases. Also, the k value increases as the eccentricity increases. It indicates that the error is less effective for smaller target and smaller eccentricity. for each circle. The experiment errors are calculated and compared to inherited theoretical errors from eccentricity correction. There is no experiment test at the center (zero eccentricity). 
Conclusions
This paper presents a measuring system using polymer-based 4Q CMUT array to detect circular target. The polymer-based CMUT provides advantages of low cost and large sensing area and is especially suit for detecting transparent objects. Experiments are conducted with three different target diameters and four different eccentricities to verify its feasibility. The dimension error is limited to 0.043 mm 2 or 0.42% in area. The positioning error is 0.052 mm for target dimeter of 3.6 mm and eccentricity of 1.2 mm. The 4Q CMUT array has less error if the target is closer to the center with less eccentricity. In this study, the largest target diameter is 60% of the 4Q CMUT array with maximum eccentricity before go outside the sensor. The relationship between target diameters and CMUT dimensions influence spatial resolution and range. The correcting algorithm affects inherited theoretical error. In the future, the optimized parameters of device design is suggested to improve for various position detection applications.
